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Abstract Long-term oxidative ageing occurs in asphalt pavements when they are exposed to the ambient environment for ex-7 
tended periods. This ageing phenomenon is dependent on multiple physical fields, including heat transfer, oxygen diffusion 8 
from air into interconnected air voids of asphalt pavement, oxygen diffusion from air void channels to asphalt mastic inside, 9 
and growth of oxidation products in bitumen. Most existing oxidative ageing models were established via coupling of limited 10 
physical fields. However, to accurately determine th  oxidative ageing effect on pavement performance, there is a need to de-11 
velop a multiphysics model that integrates all agein -related physical fields comprehensively. The challenge lies in that the 12 
ageing-related physics are circularly dependent, time-dependent and highly nonlinear. This study developed a multiphysics and 13 
time-dependent finite element model that successfully addressed the issues of high nonlinearity and circular dependency of ox-14 
idative ageing in the asphalt pavements.   15 
Specifically, a differential equation-based approach was employed to efficiently couple the multiple physical fields into one 16 
integrated model. The multiphysics framework included a pavement temperature prediction model and an integrated ageing 17 
model. The model involved a variety of inputs such as site-specific hourly climate data, parameters for oxidation kinetics of bi-18 
tuminous binder, volumetric properties of asphalt mixture, thermal and diffusive properties of pavement materials, and pave-19 
ment structure. The pavement temperature model was validated using the pavement temperature profiles for different climate 20 
regions in the Long-Term Pavement Performance (LTPP) database. The integrated ageing model was validated using the Fou-21 
rier-transform infrared spectroscopy (FTIR) data of field-aged asphalt cores in the literature. Results showed that the model 22 
can accurately predict the change in pavement temperatur  profile on an hourly basis and reliably predict the degree of oxida-23 
tive ageing across pavement depth for different climate zones.  24 
Keywords: Long-term Oxidative Ageing, Multiphysics Modelling, Oxidation Kinetics, Oxygen Transport, Heat Transfer. 25 
1   Introduction 26 
Bitumen-based construction materials, including bitum nous binders and asphalt mixtures, are mainly used for the 27 
surface paving of roads and highways. Bitumen is an extremely complex compound with thousands of different 28 
types of hydrocarbons, paraffins, aromatics, and naphthenic compounds. These compounds have various sat ra-29 
tions, polarity, functional groups, and heteroatoms. The differing chemical composition of bitumen result  in the 30 
variation of its mechanical behaviour [1, 2]. Existing studies demonstrated that the chemical composition of bitu-31 
men changes with ageing, which occurs in two phases, i.e., short- and long-term ageing [3, 4]. Short-te m ageing 32 
occurs during the initial construction phase due to volatilisation, oxidation, and absorption of oily components in 33 
the maltenes during mixing. Long-term ageing occurs in the pavement service stage and is mainly due to the oxi-34 
dation process. This study focuses on modelling the long-term oxidative ageing of asphalt materials, which starts 35 
after exposing asphalt pavements to the natural environment. 36 
Oxidative ageing is the reaction between asphalt constituents and atmospheric oxygen. The Fourier-transform 37 
infrared spectroscopy (FTIR) test is usually employed to identify the change in chemical composition of bitumen 38 
due to ageing. According to existing FTIR studies, the oxidative ageing of bitumen causes the formation of car-39 
bonyl (C=O) and sulfoxide (S=O) functional group compounds [5-8]. Moreover, the formed carbonyl is much 40 
greater than the sulfoxides in terms of product quantity. Therefore, many researchers utilised the formation of car-41 
bonyl solely to characterise the change in chemical composition of bitumen in the oxidative ageing process [7, 9, 42 
10]. They determined the carbonyl area (CA) from the FTIR tests to quantify the oxidative ageing of bitumen. 43 
While doing so, they found that such a parameter was ell correlated to ageing time, ageing temperature and oxy-44 
gen pressure. In addition to changes in chemical composition, the rheological properties of bitumen (e.g., viscosity 45 
and dynamic shear modulus) also exhibit hardening characteristics in the oxidative ageing process. The hardening 46 
leads to an increase in these properties so that the asphalt material becomes stiffer and more brittle. Many labora-47 
tory and field studies confirmed that the oxidative ageing of asphalt materials leads to the degradation of their 48 









structures eventually resulting in the reduction of pavement durability. Thus, a comprehensive understanding and 50 
reliable prediction of the oxidative ageing performance of asphalt pavements is needed. 51 
There are many existing studies focused on the oxidative ageing of asphalt pavements. They can be categoris d 52 
into four groups according to the various physical fields involved in pavement ageing: oxidative kinetcs, mor-53 
phology influences, environmental effects on ageing, and ageing effects on mechanical responses. 54 
Oxidative kinetics of bitumen and asphalt: Liu et al. (1996) and Peterson and Harnsberger (1998) found that bi-55 
tumen typically oxidises in two stages, a nonlinear fast-rate period and a linear constant-rate period [9, 11]. To 56 
quantify this phenomenon, Jin et al. (2011) developd a two-reaction kinetics model, which could predict the CA 57 
of bitumen in various oxidative ageing conditions [10]. Luo et al. (2015, 2019) extended this model to predict the 58 
stiffness change of aged asphalts in the field [12,13]. They found that the activation energy of asphalt pavement 59 
was comparable to that of bitumen. 60 
Morphology influences on oxidative ageing: Peterson (2009) and Abu Al-Rub (2013) reported that oxygen dif-61 
fuses inside asphalt pavement through the interconnected air voids in the asphalt layer [5, 14]. Lower air void con-62 
tents result in lower oxygen diffusivity, which will reduce the degree of oxidative ageing. Yin et al. (2017) per-63 
formed the tensile stiffness test on 30 field-aged asphalt samples with different air void contents and then 64 
extracted the bitumen to conduct rheology testing. They observed that less hardening occurred in the asphalt sam-65 
ple with a lower interconnected air void content [15].  66 
Environmental effects on ageing: Environmental factors affect oxygen transport and diffusion as well as pave-67 
ment temperature profile, which further impacts oxidative ageing. To predict asphalt oxidation in pavements, Pra-68 
paitrakul et al. (2009) developed an oxygen transport m del, which involved oxygen pressure, oxygen cocentra-69 
tion, oxygen diffusivity, and pavement temperature [16]. Jin et al. (2013) found that oxygen diffusivity in 70 
transport media was related to the temperature and viscosity of the material [17]. Lytton et al. (1993) developed a 71 
one-dimensional heat transfer model, the Enhanced Integrated Climate Model (EICM), to calculate heat conduc-72 
tion in asphalt pavements [18]. He assumed a constant-temperature boundary condition (BC) well below the 73 
pavement surface. The required climatic inputs included solar radiation, ambient temperature, wind speed, pave-74 
ment albedo, pavement emissivity, and thermal diffusivity.  Han et al. (2011) improved the prediction accuracy of 75 
the EICM by taking into account the unsteady-state heat flux boundary condition [19]. The modified heat tr nsfer 76 
model was validated by comparing prediction results to measured temperature data from 29 pavement sites across 77 
the United States.  78 
Ageing effects on mechanical responses: Lu and Isacsson (1998, 2002), Wang et al. (2014) and Jing et al. (2019) 79 
found that oxidative ageing increased the complex shear moduli and decreased the phase angles of both unmodi-80 
fied and polymer-modified bitumen [20 - 23]. Ruan et al. (2003) reported that oxidative ageing also increased the 81 
viscosity of bitumen [24]. Existing studies found tha  the field-aged viscosity of bitumen had a gradient across 82 
pavement depth with a higher value near the pavement surface [3, 12]. This phenomenon indicated a non-uniform 83 
ageing process occurred in asphalt pavement, which was attributed to the non-uniform distribution of pavement 84 
temperature and air void content across pavement depth. Moreover, many prediction models for the mechanical 85 
performance of asphalt pavements formulated using performance-related material properties were generated for 86 
asphalt pavements at various conditions [14, 25, 26]. 87 
The intensive literature review indicates the multiphysics nature of oxidative ageing of asphalt pavements. 88 
Specifically, ageing of asphalt materials involves three multiphysics: 1) chemical oxidation reaction n the bitu-89 
men; 2) mechanical responses (e.g., altered viscosity); and 3) physical environmental processes (i.e., h at transfer 90 
and oxygen diffusion) leading to varying environmental profiles within pavements. These processes are influ-91 
enced by the microstructural morphology including asphalt film thickness, pore size and air void distribution. 92 
However, most of the existing studies only focused a “one physics” approach, ignoring the interaction among the-93 
se physics, when in fact, the interrelationships among them are circularly dependent in the dynamic ageing pro-94 
cess. For example, oxygen distribution affects the c mical oxidation of bitumen, resulting in increasd viscosity 95 
and decreased diffusivity, which in turn affects oxygen distribution and oxidative ageing. Ignoring the multiphys-96 
ics nature of oxidative ageing leads to simplification in modelling, thereby reducing the prediction accuracy. Thus, 97 
oxidative ageing of asphalt pavements should be modelled in a multiphysics perspective, so that the dynamic cir-98 
cular dependencies among these physics are solved simultaneously for an accurate prediction of ageing in the as-99 
phalt pavements. In addition, the multiphysics modelling is capable of assessing the influences of different materi-100 










The multiphysics nature of ageing has been well characterised by ageing theories and field measurement data, 103 
as shown in the above studies. However, applying multiphysics models in ageing predictions, considering their 104 
circular- and time-dependency, is limited due to some restrictions in Finite Element (FE) modelling. Such re-105 
strictions include non-user-friendly interfaces, limited modelling abilities, and restrictions on specific constitutive 106 
models. Additionally, user-defined subroutines must be programmed to address different physics simultaneously. 107 
Partial differential equation (PDE) based FE modelling is a tool that can achieve this objective. Heat transfer, ox-108 
ygen diffusion, and oxidation kinetics are different physical and chemical fields that concurrently exist in pave-109 
ment ageing. The constitutive equations of these physical fields can be represented as ordinary differential equa-110 
tions (ODE) or PDE. As a general-purpose FE program, Comsol Multiphysics provides an efficient computational 111 
platform to solve PDEs. It can address the coupling effects of different physics, such as the viscoelastic asphalt 112 
mixture [27, 28] and the nonlinear elastoplastic aggre ate base materials in the pavements [29].  113 
To address the aforementioned research needs, this tudy develops a framework for modelling oxidative ageing 114 
of asphalt pavements from a multiphysics perspectiv. Specifically, a series of analytical models will be identified 115 
to quantify the influence of each physics on oxidative ageing. An equation-based approach will be employed to in-116 
tegrate these analytical models into the Comsol Multiphysics software. Subsequently, the integrated FE model 117 
will be used to simultaneously compute the change of ach physics during oxidative ageing. The computation l 118 
results will facilitate an understanding of the oxidative ageing mechanism of asphalt pavements. Finally, a data-119 
base of physiochemical properties of field-oxidised asphalts will be collected from the existing literature. Model 120 
validation will be accomplished by comparing simulation results with field measurements in terms of the ageing 121 
product (the carbonyl area) of bitumen at different ageing times and pavement depths. 122 
2   Analytical Models for Multiphysics Oxidative Ageing 123 
Oxidative ageing of asphalt pavements is a complex rocess governed by oxidation kinetics, oxygen diffus on, 124 
and heat transfer.  125 
2.1 Oxidative Kinetics Model 126 
Oxidative kinetics of bitumen is characterised by the formation of carbonyl (C=O) and quantified by the carbonyl 127 
area (CA) measured from FTIR results. Jin et al. (2011) developed a two-reaction kinetics model to predict the re-128 
action rate of CA in bitumen [10], as shown in Equation 1. 129 
 =  + (
 − )(1 −  (−) ) +                                          (1) 130 
where  is the CA of the unaged tank bitumen; 
 is the intercept of the constant-rate line, which is a unit-131 
less value;  and  are fast-rate and constant-rate reaction constants, respectively, in 1/day; and  is field ageing 132 
time. The fast and constant rate reaction constants  and  are temperature and binder-source dependent and can 133 
be predicted using the Arrhenius expression shown in Equations 2 and 3. 134 
 =    /                                                                                                (2) 135 
 =   /                                                                                                  (3) 136 
where  and  are fast-rate and constant-rate pre-exponential factors, respectively, in 1/day,   and   are 137 
fast-rate and constant-rate activation energies, respectively, in kJ/mol;  is the universal gas constant (R = 8.314 138 
J/(mol·K)); and  is the absolute temperature, in K. To consider the oxygen partial pressure (as a measure of oxy-139 
gen content), Equations 2 and 3 were expanded to Equations 4 and 5 [17].  140 
 =  !"  /                                                                                             (4) 141 
 = !" /                                                                                                (5)142 
where ! is the oxygen partial pressure and # is the reaction order for oxygen pressure. The terms  !"  and !" 143 
are described in ln(1/day) units. 144 
2.2 Oxygen Transport Model 145 
The oxygen transported in a pavement structure can be represented by the rate of oxygen pressure with time at any 146 
location within the asphalt layer. The oxygen transport model is shown in Equation 6, which is a 2nd order PDE 147 
[19]. The more aged the bitumen is, the more oxygen has been consumed; thus, the lower oxygen pressure will be 148 
in the transport media. Therefore, the equation uses th  CA growth rate to quantify the oxygen consumption rate 149 
as a reducing factor to the oxygen transport process.  150 
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(1 + 0.0215 ( − 30))                                                                            (7) 152 
where ! is the oxygen pressure; ∇ is the location derivative [ 778 ,
7
7:]; *
 is oxygen diffusivity in pure bitumen in 153 
m2/s; (
  is a factor that converts reaction rate of CA to rate of oxygen consumption (3.71 × 10> mol/ml); '('  is 154 
the field calibration factor and a calibration factor for the effect of fine matter in the mastic; and ℎ is the solubility 155 
constant of oxygen in asphalt, which is a unitless value. Solubility is a temperature-sensitive parameter and can be 156 
altered for any temperature by using Equation 7, where ℎ
 is the oxygen solubility in bitumen at a standard tem-157 
perature of 30 °C (ℎ
 = 0.0076) [30]. The oxygen diffusion coefficient is a function of the temperature and the 158 
viscosity of bitumen, as shown in Equation 8 [31]. 159 
@

 = 5.21 × 10ABCDEF.GG                                                                                     (8) 160 
CDE = (HIJK./0)                                                                                                 (9) 161 
where CDE is the low-shear-rate-limiting viscosity (Pa.s), which is a measurement of the rheological properties of 162 
the asphalt binder when it is undisturbed by external forces [31]. CDE is temperature- and CA-dependent. LD is 163 
the asphalt hardening susceptibility (ln[Pa.s]/CA) which is the change in log-viscosity with respect to he change 164 
in CA, and M is an experimental parameter, which is the intercept of log-viscosity. LD and M are functions of 165 
temperature [31]. 166 
2.3 Heat Transfer Model 167 
Fourier’s law of heat conduction is used to determine the temperature profile across pavement depth, as shown in 168 
Equation 10. The thermal diffusivity of each pavement layer and the temperature transfer rate at the bottom of the 169 
pavement are specified in Equations 11 and 12 [19].   170 
$
$ = # N
$O
$O:P                                                                                                 (10) 171 
# = Q .R                                                                                                              (11) 172 
$
$:STH = (+UVWU                                                                                        (12) 173 
 174 
where X is the pavement depth, in meters;  is the thermal conductivity of the pavement layer, in W/(m. K); Y is 175 
the corresponding material density, in kg/m3; # is the heat diffusivity; and (Z is the heat capacity in J/(kg. K). This 176 
study assumed that temperature is constant at pavement depths below 3 meters. Moreover, a surface boundary for 177 
the heat transfer model was defined by Han et al. (2011) [19], which is represented by Equation 13. 178 
Y (Z ∆:B
$\
$ = ]^ − #_. ]^ + ] − ]` − ] − ]                                                  (13) 179 
where ^ is the pavement surface temperature, in K; X is the pavement depth; ]^ is the heat flux due to solar radia-180 
tion; #_ is the albedo of the pavement surface (the fraction of reflected solar radiation); ]  is the down-welling 181 
long-wave radiation heat flux from the atmosphere; ]` is the outgoing long-wave radiation heat flux from the 182 
pavement surface; ]  is the convective heat flux; and ] is the heat conduction from the surface into the pave-183 
ment; with all heat fluxes expressed in W/m2 [17]. 184 
3   Development of the Equation-Based Finite Element Model 185 
The comprehensive oxidative ageing model was developed using Comsol Multiphysics software which consists of 186 
several components, including: (1) model geometry, (2) model interfaces, (3) model variables, (4) model parame-187 
ters, (5) interpolation functions, and (6) user-defin d materials properties. Details of each component are listed as 188 
follows. 189 
3.1 Model Geometry 190 
A two-dimensional geometry was developed in this study (Figure 1). The dimensions of the geometry are custom-191 
ised according to pavement structure and volumetric properties of the asphalt mixture. The geometry consists of 192 
three main domains: (1) interconnected air channels i  the asphalt concrete (AC) layer, (2) mastic coating film 193 
and, (3) underlying pavement layers (base, subbase and subgrade). Herein, the thickness of the mastic coating film 194 
is defined as the diffusion depth (a@) which is different from the conventional film thickness, in that it is the bi-195 
tumen mastic coating film thickness that surrounds the interconnected air channels, not the aggregate p rticles 196 
[31]. Figure 2 illustrates the idea of diffusion depth, where oxygen diffuses horizontally in a hollow cylinder from 197 









proach is more realistic in reflecting the nature of the pavement structure in that the diffusion of oxygen into the 199 
mastic occurs via the surface area of the mastic exposed to air (i.e., surrounding air channels), rather an that sur-200 
rounding the aggregate particles. The diffusion depth is defined in Equation 14 [31]. 201 
a@ = bcdKd                                                                                                 (14) 202 
where Eef is the volume of effective binder (total volume of bitumen in the mix excluding the volume absorbed by 203 
aggregate), and Df is the exposed surface area of binder to the accessibl  air voids.  204 
                                              205 
Fig. 1 Geometry of the integrated ageing model (not plotted to a scale). The domains of the geometry are identified by 206 
numbers (domain 1: interconnected air channels, domain 2: mastic coating film, domain 3: base layer, domain 4: sub-207 
base layer, and domain 5: subgrade layer). Domain 2 has two vertical interfaces, air-mastic interface and mastic-208 
aggregate interface. Aggregate is not included in the geometry. 209 
              210 
 211 
Fig. 2 Graphic illustration of the diffusion depth of oxygen in the asphalt pavement 212 
The heat transition rate between the different pavement layers affects the temperature profile in the topmost layer 213 
(AC layer); consequently, it affects the overall oxidative ageing process in asphalt. Therefore, to accur tely simu-214 
late the heat transfer, the proposed geometry includes the entire pavement structure even though underlying layers 215 
(i.e., base, subbase and subgrade layers) do not suffer from oxidative ageing. 216 
3.2 Model Interfaces 217 
This subsection describes the model interfaces to couple the analytical models discussed earlier into o e integrated 218 
multiphysics ageing model.   219 
3.2.1 Heat Transfer in Solids Interface 220 
The time-dependent pavement temperature profile uses th  Heat Transfer in Solids interface. This interface is 221 
commonly utilised to model the heat transfer in solids by conduction, convection and radiation, which can be used 222 
conveniently to simulate the pavement heat transfer processes. The basic equation defined by the software Comsol 223 
Multiphysics corresponds to the differential form of Fourier’s law (illustrated in Equation 10) with some added 224 
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Y(Z $$ + Y(Zh. ∇ + ∇. i = ]                                                                         (15) 226 
i = − ∇                                                                                                  (16)  227 
where h is the velocity field defined by the transportation motion sub-node if parts of the model are moving in the 228 
material frame, and ] is the heat source (or sink) measured in W/m3. The density Y, heat capacity (Z, and thermal 229 
conductivity  are introduced to the model. Since the heat transfer interface is held active for all the domains in 230 
the geometry, therefore, the thermal properties for each domain are described in material components (Section 231 
3.4).  232 
The initial temperature in the geometry (at  = 0) is set to be the mean annual subsurface soil temperature 233 
which is measured at a depth of three meters [30]. The initial temperature was found to have negligible short-term 234 
effects on the heat transfer model and no impact on the overall ageing model.  235 
The temperature at the lower boundary is considered a constant equal to the mean annual subsurface soil tem-236 
perature. Therefore, the bottom boundary for the heat transfer interface depends on the climatic region where the 237 
road section is located. This assumption provides more area-specific inputs that can increase the accur y of the 238 
temperature profile. The subsurface soil temperatures at different depths are available in the Climate Tool at the 239 
Long-Term Pavement Performance (LTPP) database. They are originally collected from the National Aeronautics 240 
and Space Administration (NASA), for the project Modern-Era Retrospective analysis for Research and Applica-241 
tions, Version 2 (MERRA-2), where the depths of the subsurface temperatures are available in detail. 242 
The external vertical boundaries of the overall geom try are considered thermally insulated (no heat flux across 243 
the vertical borders); thus, the temperature gradient across the boundary is zero. The topmost boundary of the 244 
pavement (which makes up the upper borders for the air voids and mastic domains) is defined according to Han et 245 
al. (2011) in Equation 13 [19]. This equation is broken down in the current model into several general inward 246 
heat flux equations. The convective heat flux is defined in the model using the equation:  247 
] = ( j` −  ) ℎ                                                                                        (17) 248 
where j`  is the air temperature at the road section, in K; and ℎ  is the heat transfer coefficient obtained by 249 
Vehrencamp’s empirical equation (Equation 18) and employed by Lytton et al. (1993) and  Han et al. (2011) for 250 
the determination of pavement temperature profiles by using the finite difference method [18, 19, 32].  251 
ℎ = 698.24 ∗ 1.4 (0.00144 oWpV NIqrB Ps
F.T
∗ tuj7F.G + 9.7 ∗ 10> ∗ vWpV( −  j`)wF.T)        (18) 252 
where tuj7 is the wind speed above the road section, in m/s. j` and tuj7 are hourly inputs, therefore they are 253 
introduced to the model as interpolation functions (refer to Section 3.3.3).  254 
The down-welling and ongoing long-wave radiations are defined as:  255 
] − ] = 5.67 ∗ 10x ∗ (W( ∗  j` > − ( ∗  >)                                                   (19) 256 
where W( is the absorption coefficient of the pavement, which is described in Section 3.3.2 as a model parameter 257 
which depends on the climatic region, and (  is the emission coefficient of the pavement, which is a time-258 
dependent coefficient; therefore, it is introduced in Section 3.3.3 using an interpolation function.  259 
Finally, the heat flux within the pavement at the surface is expressed by Fourier’s law:  260 
] = − $$8                                                                                                 (20) 261 
The heat transfer physics employs the LTPP Climate Tool to obtain the site-specific hourly air temperatu e, 262 
wind speed, solar radiation, albedo and the emissivity values. Therefore, this model covers more time-dependent 263 
parameters, such as albedo and emissivity coefficient, which were considered constants or seasonal variables in 264 
the previous pavement profile prediction model [33]. Additionally, the previous model calculated the hourly heat 265 
flux on the surface, and then calculated the temperature profile at different depths by using the finite-difference 266 
approximation. In contrast, this model measures the temperature profile at any point simultaneously. Another im-267 
provement is that the current model uses the field mean subsurface soil temperature as a bottom boundary, which 268 
is location-dependent and more reasonable, rather than using a fixed decline rate or a constant value for all the 269 
climatic regions.  270 
3.2.2 Coefficient Form Partial Differential Equation Interface – Oxygen Diffusion in the Interconnected Air 271 
Channels (Vertical Diffusion) 272 
Oxygen diffuses from the ambient air into the interconnected air channels first, before it spreads into the bitumen 273 









form interface and the coefficient form PDE interface can be used to simulate oxygen diffusion in the air voids; 275 
the latter is detailed here. The coefficient form PDE interface is a general interface that can solve ne dependent 276 




$ + ∇. (−( ∇h−∝ h + {) + |. ∇h + Wh = '                                   (21) 278 
∇= [ $$8 ,
$
$:]                                                                                                      (22)    279 
where h is the dependent variable to solve for, and  , (, {, |, W and ' are user-defined coefficients. To utilise the 280 
general form PDE in Equation 21 to determine oxygen diffusion in the interconnected air channels as expressed 281 
in Equation 6: h is defined as the partial pressure of oxygen (!j`); ( is defined as the coefficient of oxygen dif-282 
fusion in the air voids (*
B) which is related to the air voids percentage in the AC mix; γ, β, and W are all substi-283 
tuted by zero; and a is replaced by 1. The source term ' is expressed by:  284 
' = − (
  ℎ .
}
}                                                                                                                  (23) 
This interface is held active for the interconnected air channels domain only (domain 1 in Figure 1). The amount 285 
of oxygen in the AC matrix is measured and represent d by the oxygen partial pressure, as described in Equation 286 
6. According to Equation 6, the oxygen consumption rate is inversely proportional to the CA-growth rate. The 287 
same also applies to the oxygen content in the air ch nnels; therefore, the carbonyl area considered in this physics 288 
is CA at the air channel-mastic interface, namely, j. The approximate diffusion coefficient (*
B) in the air 289 
channels is obtained from the work of Wen and Wang (2018) by correlating *~B to the air voids content in the as-290 
phalt mixture [34]. Therefore, *
B is a constant that is dependent on the asphalt morphology. Moreover, the field 291 
correction factor '(' mentioned in Equation 6 is given a value of 1 for the diffusion of oxygen in the air chan-292 
nels.  293 
The initial value for the oxygen partial pressure is considered equal to the oxygen pressure in the ambient air 294 
(0.2 atm), while the initial oxygen partial pressure rate (at  = 0) is zero. Additionally, since the air channel is 295 
connected to the atmospheric air, the boundary conditi  of the oxygen partial pressure at the topmost surface of 296 
the air voids channel is taken to be 0.2 atm at any time. The same applies to the AC-base course interfac , where 297 
the unbound base layer is assumed to be porous, thus allowing free access of the air to the AC layer [21]. There-298 
fore, oxygen partial pressure at the bottom surface boundary of the air voids channels (domain 1 in Figure 1) 299 
equals 0.2 atm [33]. When a treated base is used, such as cement or asphalt treated base, access to free air is con-300 
strained, leading to the unavailability of oxygen; thus, the oxygen partial pressure at any time will be zero. One 301 
additional BC is considered here: the interface betwe n the air channel and the bitumen coating surface (bounds 302 
domain 1 from the right side in Figure 1). The partial pressure here is interchangeable (circularly dependent) be-303 
tween the air-channels and the mastic coating. Therefore, the boundary condition is defined as (!j` = !e), where 304 !e is the oxygen partial pressure in the AC mastic.  305 
3.2.3 Coefficient Form Partial Differential Equation Interface – Oxygen Diffusion Inside the Mastic Coat-306 
ing Film (Horizontal Diffusion) 307 
When oxygen diffuses into the interconnected air channels, it then spreads into the bitumen mastic and c uses ox-308 
idation. The coefficient form PDE interface (express d in Equation 21) is utilised to simulate the diffusion pro-309 
cess of oxygen in the mastic phase. Therefore, the in erface is activated in domain 2 (shown in Figure 1), which 310 
represents the AC mastic coating film. In this interface, the oxygen partial pressure (!e) describes the oxygen con-311 
tent by using Equation 6. However, ( is replaced here by a CA- and temperature-dependent variable (*
) accord-312 
ing to Equation 8, unlike the coefficient of oxygen diffusion in the air channels (*
B) which was a constant value 313 
and dependent on the structure of the mixture (air voids content-dependent). Since *
  is not constant, it s intro-314 
duced to the model as a variable (Section 3.3.1). Additionally, since oxygen diffusion is carbonyl area dependent 315 
(Equation 6), the carbonyl area considered here is the stationary carbonyl area inside the mastic film (domain 2 316 
Figure 1), namely ( e). Whereas the field calibration factor '(' was given a value of 1 because all the AC vol-317 
umetric properties are available.  318 
The boundary conditions of this interface are defined as follows. The initial partial oxygen pressure is consid-319 
ered to have a small initial value of 0.0001 atm, and the initial rate of oxygen partial pressure is set to zero. Since 320 
the topmost and bottom surfaces of mastic are freely xposed to the ambient atmospheric air, the oxygen partial 321 
pressure at these two BCs is defined as 0.2 atm at any ime. The BC at the mastic-air channels interface (shown in 322 
Figure 1 as a vertical line between domains 1 and 2) is defined as (!e = !j`). Therefore, this interface is circular-323 
ly dependent on the vertical diffusion of oxygen in the air channels interface. In other words, the oxygen partial 324 









Oxygen diffusion within the asphalt layer is a central component of modelling the oxidation process. However, 326 
the rate and extent of oxidation are bitumen-source dependent; therefore, the following two model interfaces are 327 
employed to simulate oxidation kinetics. Two different interfaces for the oxidation rate are necessary because it is 328 
also oxygen pressure dependent. Furthermore, since the air channels possess a coefficient of oxygen diffusion dif-329 
ferent from that in the bitumen mastic, an interface is needed to simulate the carbonyl growth at the mastic-air 330 
channel interface and use it as a boundary conditio for the growth of carbonyl inside the mastic. 331 
3.2.4 Coefficient Form Partial Differential Equation Interface – Carbonyl Area at the Mastic-air Channels 332 
Interface 333 
This interface is held active at domain 1 (shown in Figure 1) to determine the growth of carbonyl at the mastic-air 334 
channels interface. The model uses the differential form of Equation 1, shown in Equation 24 [17] to predict the 335 
carbonyl area (j).  336 
$/0q
$ = ~+                                                                                 (24) 337 
where ~ is the limiting amount of carbonyl formation due to the first-order reaction after hot mix production. 338 
It can be obtained by plotting the carbonyl growth rate for the short-term and long-term laboratory aged bitumen. 339 
To utilise the general form PDE in Equation 21 to determine the carbonyl area at any time at the mastic-air inter-340 
face as in Equation 24: h  (in Equation 21) is defined as the carbonyl area at the mastic-air channels 341 
face (j);  (, {, |, and W are all substituted by zero, and a is replaced by 1. The source term ' is expressed by: 342 
' = ~ +                                                                                                     (25) 
The initial value for j can be obtained by conducting an FTIR scanning test for the unaged bitumen binder, and 343 
the initial carbonyl rate (at  = 0) is defined to be zero. The carbonyl area j at the BC where the air channels 344 
and mastic meet is made equal to CA in the mastic domain (e) so that the two domains will have circular de-345 
pendency (i.e., j = e at the BC). 346 
3.2.5 Coefficient Form Partial Differential Equation Interface – Carbonyl Area in the Asphalt Mastic 347 
The coefficient form PDE interface is employed to simulate the oxidation kinetics inside the mastic (domain 2 348 
shown in Figure 1). The model uses Equation 24 to predict the growth of CA in the mastic domain. Similar to 349 
Equation 24 that is being used to simulate the carbonyl growth at the mastic-air channels interface, Equation 26 350 
is implemented to predict the growth of carbonyl functional groups in the mastic e (domain 2 in Figure 1).  351 
$/0c
$ = ~+                                                                                 (26) 352 
The initial value (at  = 0) is set to be the carbonyl area in the virgin (unaged) bitumen. The bitumen-air channels 353 
interface (domain 1- domain 2 interface) is defined as (e = j) to allow the circular-dependency between the 354 
two carbonyl interfaces.  355 
3.3 Model Variables, Parameters and Time-dependent Parameter 356 
3.3.1 Model Variables 357 
The following variables are defined:  358 
1- Heat transfer coefficient (ℎ), as defined in Equation 19. The equation is written in the following format: 359 
 ℎ = 697.33 ∗ (0.000144 ∗ ('((( /1[] +  j`()/1[])/2) == 0, WpV((( /360 1[] +  j`()/1[])/2) + 0.00001), WpV(( /1[] +  j`()/1[])/2)))^0.3 ∗361 (tuj7()/1[M/V])^0.7 + 0.00097 ∗ ('((( /1[] − 273.15) − ( j`()/1[] −362 273.15)) == 0, WpV(0.00001 + (( /1[] − 273.15) − ( j`()/1[] −363 273.15))), WpV((( /1[] − 273.15) − ( j`()/1[] − 273.15)))))^0.3)         364 
(27) 365 
2- Oxidation kinetics coefficients ( and ), as defined in Equations 4 and 5. Since  and  are oxygen 366 
pressure-dependent; they are defined separately for the air-channels (domain 1) and mastic (domain 2) as 367 
follows: 368 
 369 
In the air channels:     =  ∗ (!j`/101325[!W])^# ∗ (−// )                                          (28) 370 
                                   =  ∗ (!j`/101325[!W])^# ∗ (−// )                                           (29) 371 
 372 
In the mastic:            =  ∗ (!e/101325[!W])^# ∗ (−// )                                              (30) 373 
                                  =  ∗ (!e/101325[!W])^# ∗ (−// )                                              (31)  374 









3- Diffusion of oxygen in the bitumen coefficient (*
), as defined in Equation 8 and written in the follow-376 
ing format: 377 
*
 = ((5.21 − 12) ∗ (CDE^ − 0.55) ∗  )/1[ ∗ V/M^2]                                             378 
(32) 379 
4- Low shear rate-limiting viscosity (CDE), as defined in Equation 9 and written in the following format: 380 
CDE =  (M + LD ∗ e)                                                              381 
(33) 382 
 383 
5- Coefficient of oxygen solubility in the bitumen (ℎ), as defined in Equation 7 and written in the follow-384 
ing format: 385 
ℎ = ℎ
 ∗ (1 + 0.0215 ∗ ( /1[] − 273.15 − 30))                                                386 
(34) 387 
 388 
3.3.2 Model Parameters 389 
The model parameters include: 390 
1. Geometry dimensions (obtained from the structural design specifications of the pavement and the volu-391 
metric characteristics of the AC mix). 392 
2. Oxidation kinetics constants ~,
, , , LD, , , and M. These parameters can be obtained 393 
by performing laboratory ageing tests (rolling thin film oven and pressurised ageing vessel tests), rheo-394 
logical tests, and FTIR to obtain CA at different ageing stages [31].  395 
3. The oxygen diffusion coefficient in the air voids channels (*
B). It can be obtained from the empirical 396 
measurements provided by Wen and Wang (2018) by determining the air voids percentage from the mix-397 
ture volumetric properties [34]. 398 
4. The temperature at the bottom of the pavement and the initial temperature (at  = 0). These temperatures 399 
are considered equal to the subsurface soil temperatur  t a depth of 3 meters, which is available in the 400 
LTPP Climate Tool database for various regions.  401 
5. The field correction factor, '(', which is utilised to correct the coefficient of oxygen diffusion in the 402 
mastic in case there is not enough information about the binder absorbed by the aggregate and the exist-403 
ence of fine matter in the mastic.  404 
3.3.3 Interpolation Functions 405 
The interpolation functions are the time-dependent inputs. They are introduced into the Comsol program by tables 406 
or files containing the functions in discrete points [28]. Therefore, they can be generated to introduce the time-407 
dependent climate inputs needed for the pavement temperature model. These inputs include the hourly records of 408 
shortwave solar radiation, air temperature, wind speed, emissivity, and albedo values. These hourly climate data 409 
can be obtained from the LTPP Climate Tool for different climatic regions.  410 
3.4 Material Properties 411 
Heat transfer in the pavement depends on the thermal properties of the pavement materials. Therefore, th  thermal 412 
characteristics of the pavement layers are introduce  to the model in this section. The inputs for each l yer (for 413 
each domain in Figure 1) include thermal conductivity, density and heat capacity. The thermal properties of the 414 
air channels (domain 1) and the mastic coating film(domain 2) are similar as they both represent the AC layer in 415 
the heat transfer interface. The sensitivity and significance of each parameter on the pavement temperatur  predic-416 
tion model were assessed in previous studies. It was found that the thermal diffusivity of AC, which is a term that 417 
combines thermal conductivity, density, and heat capa ity (Equation 35), had negligible effects on model accura-418 
cy if it was kept in the range of 4.4 – 6.4 x 10-7 m2/s [19, 35].  419 
к = Q./R                                                                                                         (35) 420 
Due to the lack of field measurements, the thermal properties of the pavement layers were collected from the liter-421 
ature [36-47], and the current study employed the mean values of those obtained from the literature. Table 1 lists 422 
the thermal properties used for each pavement layerin this study. There is no evidence of significant changes to 423 
the thermal properties of asphalt pavement upon ageing [43]; therefore, the materials thermal properties are kept 424 
constant.  425 
 426 









Pavement layer Thermal conductivi-





Asphalt concrete 2.3 960 2450 
Base and sub-
base 
1.5 805 2350 
Subgrade 1.7 1100 2200 
 428 
4   Validation of the Pavement Temperature Model 429 
The temperature profile of the pavement plays a vitl role in the oxidative ageing process. When the temperature 430 
increases, the diffusivity of oxygen in the mastic in reases, and oxidation accelerates, which subsequently leads to 431 
more oxidative ageing in the pavement. Similarly, when the temperature drops, the bitumen in the asphalt mixture 432 
will suffer from a temporary physical hardening (increase in viscosity), which blocks or decreases oxidation of the 433 
pavement, leading to a slower oxidative ageing rate. Th refore, it is crucial to ensure the accuracy of the predicted 434 
temperature profiles. 435 
Since the time-dependent heat transfer interface is independent of the other physics of ageing, it can be run and 436 
validated individually before combining it into the integrated ageing model. The LTPP database contains the hour-437 
ly field temperatures of 82 road sections in different climate regions across the United States. The field tempera-438 
tures were collected using thermistors installed at ifferent pavement depths, and the collected data are available 439 
for specified time intervals.  440 
This study selected three road sections from different climate regions, including (1) road section 48-1068 in 441 
Lamar, Texas, USA (in wet, no freeze region); (2) road section 27-1028 in Otter Tail, Minnesota, USA (in wet, 442 
freeze region); and  (3) road section 16-1010 in Idaho, USA (in dry, freeze region). Figure 3 shows the location of 443 
the selected sections, and Table 2 contains the structures of the road sections. The predicted pavement tempera-444 
ture profiles were compared against the hourly recorded temperatures from five thermistors installed at ifferent 445 
pavement depths. Table 3 lists the depths of the thermistor locations measured from the surface of the pavement 446 
for road sections 48-1068, 27-1028 and 16-1010. 447 
 448 
Fig. 3 Distribution map for the selected road sections to predict the pavement temperature profiles 449 
Table 2. Pavement structures of identified LTPP sections 450 
Layer description Layer code Layer type Representative thick-
ness (mm) 
Road section 48 – 1068 in Lamar, Texas 
Asphalt overlay AC asphalt concrete layer 80 
Original asphalt layer AC asphalt concrete layer 198 
Base layer GB unbound (granular) base 152 
Subbase layer TS bound (treated) subbase 203 
Subgrade SS subgrade (untreated) N/A 









Asphalt overlay AC asphalt concrete layer 41 
Original AC layer AC asphalt concrete layer 51 
AC treated base layer AC asphalt concrete layer 152 
Subgrade SS subgrade (untreated) N/A 
Road section 16-1010 in Idaho 
Asphalt overlay AC asphalt concrete layer 132 
Original AC layer AC asphalt concrete layer 145 
Base layer GB unbound (granular base) 137 
Subgrade SS subgrade (untreated) N/A 
 451 
Table 3. Location of thermistors for identified LTPP sections 452 
Thermistor identification number Depth from the pavement surface (m) 


















In addition to the pavement structure, the hourly air temperatures, wind speed, short-wave solar radiation, albe-453 
do, and emissivity were collected from the LTPP datab se and incorporated into the temperature prediction mod-454 
els. Optimised absorption coefficients were employed by region. For road sections 48-1086, 27-1028, and 16-455 
1010, Han et al. (2011) proposed the following absorpti n coefficients: 0.7, 0.75, and 0.7, respectively [19]. The 456 
mean subsurface soil temperatures obtained from MERRA-2 were 17, 5.3 and 6.3°C for road sections 48-1068, 457 
27-1028, and 16-1010, respectively. These subsurface soil temperatures were considered the bottom boundary 458 
condition for the temperature prediction models. Previous studies regarded temperature as a constant value (33.5 459 
ºC) or changing at a constant rate for depths below three meters [19]. Therefore, using actual site-specific soil 460 
temperatures is expected to provide greater accuracy, especially for deeper pavement layers.  461 
Figures 4, 5, and 6 compare predicted hourly pavement temperatures with field-measured temperatures at dif-462 
ferent pavement depths over time for road sections 48-1068, 27-1028 and 16-1010, respectively. These figures 463 
show that predicted temperatures at various pavement depths are comparable to those measured in the field. Daily 464 
temperature variations are reduced as pavement depth increases. For validation purposes, the models were run for 465 
a minimum of one year to capture the temperature prediction in all seasons. The time interval is also bounded by 466 
the availability of field measurements in the LTPP database. The mean absolute error (MAE) is measured at five 467 










Fig. 4 Predicted and field-measured temperatures for road section 48-1068 in Lamar, Texas, USA, for one year (January 1994-470 
December 1994) at depths of 0.025, 0.128, 0.232, 0.321, and 0.397 m, respectively, measured from the surface of the pavement 471 










Fig. 5 Predicted and field-measured temperatures for road section 27-1028 in Otter Tail, Minnesota, USA, for the time period 474 
(March 1996-June 1997) at depths of 0.025, 0.115, 0.2 5, 0.623, and 0.696 m, respectively, measured from the surface of the 475 










Fig. 6 Predicted and field temperatures for road section 16-1010 in Idaho, USA, for the time period (October 1993-March 478 
1995) at depths of 0.023, 0.137, 0.25, 0.349, and 0.427 m, respectively, measured from the surface of the pavement with the 479 
mean absolute error (MAE) at different depths. 480 
The maximum mean absolute error (MAE) values of 8.12 ºC and 6.27 ºC were encountered close to the pave-481 
ment surface at 0.025 m and 0.023 m in the cold (freeze) regions (Minnesota and Idaho), and the error was more 482 
distinct in the winter season. Thus, the error was likely caused by using empirical parameters for the heat transfer 483 
equation, specifically the heat conduction coefficient between the pavement surface and the air (ℎ). These pa-484 
rameters were obtained by experimental tests under ideal conditions where the surface temperature is always 485 
higher than the air temperature with a variance range of 6.3 to 26 ºC [32]. Field conditions do not alw ys match 486 
this assumption. For example, in regions susceptible o freezing, the air temperature is higher than pvement tem-487 
perature during the winter season. This causes heat to transfer from the air to the pavement, not the opposite direc-488 
tion (pavement to air). Physically, the heat conduction rate is assumed to be the same regardless of the route of 489 
heat transfer (air to/from pavement surface); however, there are no data to support this assumption. Netheless, 490 
the model appears to have sufficient accuracy, particularly for ageing prediction purposes where agein occurs at 491 
high temperatures and stops when the temperature is low, which suggests that the small divergence during cold 492 
seasons will not affect oxidative ageing. 493 
 Using the empirical equation proposed by Vehrencamp (Equation 17)[32] in freezing conditions causes the 494 
heat transfer coefficient due to conduction (ℎ) to drop, which creates a divergence between predicted and meas-495 
ured temperatures during the winter season (shown in Figure 7) and causes an MAE of more than 12 ºC. There-496 
fore, a limitation is proposed for the heat conduction equation so that if the difference in temperature between the 497 








tion 36). This constraint is done to ensure a certain level of heat conduction is achieved even during the fre zing 499 
condition, a condition which the empirical conduction equation (Equation 17) did not cover.  500 
] = (' ( j`() −  )  −4, −4, ( j` −  )) ℎ                                                   (36) 501 
 502 
Fig. 7 Divergence between predicted and measured temperatures before and after applying a minimum limit to  503 
5   The Integrated Ageing Model 504 
Two road sections were selected to run the integratd geing model: US277 and US83, both located in Texas, 505 
USA. These sections were chosen in two different climate regions and due to the availability of the Carbonyl Area 506 
(CA) values in the binder at different ageing periods, which will be used to validate model predictions. Ageing da-507 
ta were collected from the Federal Highway Administration (FHWA) reports [31]. In addition to CA, properties of 508 
binders, mixtures, and pavement structures were also recorded. Aged binders were extracted and recovered from 509 
field-aged cores that were sliced into several pieces with a thickness of 12.7 mm and then tested using FTIR to de-510 
termine CA values [17, 31, 33]. Table 4 shows general information of the mixture and binder types as well as the 511 
environmental zones for these sections [17, 31, 33]. Table 5 lists the oxidation kinetics and viscosity hardening 512 
properties of the virgin binders. Figure 8 illustrates the pavement structures for road sections US277 and US83 513 
[48, 49]. 514 
In addition to setting up the geometry for the agein  models, the pavement structure is also employed to esti-515 
mate the coefficient of oxygen diffusion in the air channels (*
B). To do so, a set of experimental data comparing 516 
measured *
B with accessible air voids (AAV) percentage (*
B NH
O
^ P = 3 × 10>E% − 14 × 10>, B =517 0.6014) was employed to form an estimation of the *
B values [34]. Since AAV% is recorded in FHWA reports 518 
(Table 4), the coefficients of oxygen diffusion in the interconnected air channels for road sections US277 and 519 
US83 were calculated by regression to be 3.79 * 10-4 cm3/s and 3.68 * 10-4 cm3/s, respectively. Whereas, other 520 
volumetric properties such as the mean radius of air voids and diffusion depths were available for road sections 521 
US277 and US83 and employed as the thicknesses for air channel (thickness of domain 1 in Figure 1) and mastic 522 
film (thickness of domain 2 in Figure 1), respectively. 523 
Other inputs for the model include hourly climate data (air temperatures, wind speed, shortwave solar radiation, 524 
albedo, and emissivity) obtained from the Climate Tool in the LTPP database. The ageing models can be run for 525 
any duration; however, for model validation purposes in the current study, the durations were limited according to 526 
the availability of field carbonyl data. Therefore, hourly climate data were collected for July 2008 - January 2012 527 
for road section US277 when the last coring sample was extruded in January 2012. Whereas, for road section 528 
US83, hourly climate data were collected for July 2008 – November 2011. Since the selected road sections are lo-529 
cated in different environmental regions, the absorpti n coefficients (W() will differ. Absorption coefficients were 530 
obtained from the environmental parametric study conducted by Han (2011) [33], with values of 0.75 and 0.7 for 531 









Table 4. General Information on mixture and binder types used for road sections US277 and US83 [17, 19,31  33] 533 


















70-22 (SBS) 7.27 2008 




PG 70-28 7.7 06/ 2008 
Table 5. Oxidation kinetics parameters for road sections US277 and US83 [17, 19, 31, 33]  534 
Road  ∝    
(CA/Day)



















4.53 7.89 0.594 0.814 12 0.12 49.1 72.5 
                      535 
(a)                                                                (b)             536 
 Fig. 8 Pavement profiles of (a) Road section US277 in Laredo, Texas, USA; and (b) Road section US83 inChildress, Texas, 537 
USA. 538 
6   Results 539 
After developing the equation-based modelling framework for oxidative ageing of asphalt pavements and collect-540 
ing all climatic data, binder properties, and pavement structure inputs, two pavement models were run. Data were 541 
collected for every one-hour interval, with outputs including the pavement temperature profile, partial oxygen 542 
pressure in the air channels, partial oxygen pressu inside the mastic, and the carbonyl area within t e mastic.  543 
6.1 Pavement Temperature Profile 544 
The heat transfer in solids interface predicted pavement temperature at any depth across the pavement profile. 545 
Outputs for each hour at any location within the pavement structure were obtained and employed simultaneously 546 
in the other interfaces (i.e., oxygen diffusion and oxidation kinetics). The temperature profile is a one-way process 547 
which means it is not affected by the oxygen pressure distribution or the carbonyl area growth within the pave-548 
ment structure; however, it plays a significant role n the pressure distribution and the growth rate of he oxidation 549 
products. Figure 9 shows temperature change plotted against time for road section US277 at different depths of 550 
the AC layer and the temperature variation with AC depth at different time intervals. Since the topmost layers are 551 
closer to atmospheric seasonal changes, temperatures at the surface show more seasonal variation than those in 552 
deeper layers. Additionally, the daily temperature variation between daytime and nighttime is more pronounced at 553 










(a)                                                                     (b) 556 
 Fig. 9 Temperature profile for road section US277, located in Laredo, Texas, USA. (a) Temperature plotted against time at 557 
three AC depths (surface, ½ AC, and bottom of AC layer) for a duration of one year. (b) Temperature profile for the AC layer 558 
at four different times throughout the year. Winter and summer seasons are highlighted with blue and yellow colours, respec-559 
tively.   560 
6.2 Partial Oxygen Pressure in the Interconnected Air Channels 561 
The accessibility and distribution of oxygen within the pavement play a vital role in the rate of oxidative ageing of 562 
asphalt pavement. Without a continuous supply of oxygen from the surrounding atmosphere into interconnected 563 
air channels and then to the bitumen in the mastic film, the oxidation process will stop. The coefficient of oxygen 564 
diffusion in the air channels is a constant value that depends on the percentage of air voids, whereas th  coeffi-565 
cient of oxygen diffusion in the mastic is a function of CA and temperature. While the coefficient of oxygen diffu-566 
sion in the air channels is approximately 1000 times greater than that in the mastic, oxygen distribution in the air 567 
and the mastic are circularly linked. Oxygen in the air channels is supplied by the ambient atmosphere, and it will 568 
be consumed by the binder in the asphalt mastic due to oxidation; therefore, more oxygen will transport from the 569 
air into the air voids and then into the mastic.  570 
Figure 10 shows the partial oxygen pressure distribution in the air channels (domain 1 in Figure 1) for road 571 
section US277 over a period of 3.5 years. As expected, the oxygen pressure varies between 0 – 0.2 atm, as the ox-572 
ygen pressure in the atmosphere is 0.2 atm. The oxygen partial pressure is low with high daily variations during 573 
the summer season because the surrounding mastic consumes more oxygen in the oxidation process in summer. In 574 
contrast, the oxygen pressure is high with low daily variations in the winter because the oxidation rate is low in 575 
this season due to low temperatures. Similar patterns were observed for road section US83.  576 
 577 
(a)                                                                                  (b)                                                                                                                578 
Fig. 10 Oxygen partial pressure distribution in the air channels for road section US277, located in Laredo, Texas, USA. (a) 579 
Oxygen partial pressure in the air channels plotted against ageing time at different AC depths (surface, ¼ AC, ½ AC, ¾ AC, 580 
and bottom of AC layer). (b) Oxygen pressure in the air channels against depth of AC layer at different field ageing times. 581 
Winter and summer seasons are highlighted in blue and yellow colours, respectively. 582 
In this model, oxygen can diffuse freely from the air into the interconnected air channels from both the topmost 583 
surface and the bottom of the asphalt layer, assuming the base material is crushed stones of high porosity. There-584 
fore, complete access of oxygen into the pavement is assumed [33, 34]. Consequently, Figures 10 (a) and (b) 585 









bottom of the AC layer due to the boundary conditions; this forms a clear C-shaped curve across the pav ment 587 
depth. This observation is consistent with the oxygen distribution in the field observed by Wang et al. (2014) [21].  588 
Although the oxygen movement is two-dimensional, due to the relatively high diffusivity of oxygen in the air 589 
channels, there is no clear difference in the oxygen partial pressure in the horizontal direction (x-direction) within 590 
the air channels domain (domain 1 in Figure 1). However, there is a considerable difference in the vertical direc-591 
tion as oxygen was supplied from the top and bottom surfaces of the AC layer. For this reason, this interface is re-592 
ferred to as the vertical diffusion of oxygen in the interconnected air channels. 593 
6.3 Partial Oxygen Pressure in the Asphalt Mastic 594 
When exposed to oxygen and high temperatures, the bitumen in the asphalt mastic will suffer from oxidation. As a 595 
result, it will consume the oxygen that diffused into the mastic. When the temperature is low, the oxidation pro-596 
cess will be halted as the energy required to initiate oxidation is not reached; therefore, the oxygen will not be 597 
consumed, and the oxygen pressure will increase in the mastic due to continuous oxygen diffusion in the mastic. 598 
Figure 11 shows the oxygen pressure distribution in the asphlt mastic (labelled as domain 2 in Figure 1). Figure 599 
11 (a) shows that the oxygen pressure in the mastic follows the same pattern as that in the air channels (Figure 600 
10) but with lower oxygen pressures in the mastic. This is reasonable as the oxygen from the air diffuses through 601 
more steps to reach the mastic and oxygen is consumed by the oxidative reactions. As shown in F gure 11 (b), the 602 
oxygen pressure in the mastic forms a C-shaped curve where the middle AC layer (1/2 AC) has low oxygen pres-603 
sure, while the top and bottom surfaces of the AC layer have much higher oxygen pressures as they are exposed to 604 
atmospheric air pressure. The oxygen pressure in winter s consistently higher than in summer as oxygen is con-605 
sumed due to severe oxidation in summer.  606 
     607 




Fig. 11 Oxygen partial pressure distribution in the mastic for road section US277, located in Laredo, Texas, USA. (a) Oxygen 612 
partial pressure in the mastic plotted against ageing time at different AC depths (surface, ¼ AC, ½ AC, ¾ AC, and bottom AC 613 
layer), at points located at 1/3 the mastic thickness. (b) Oxygen pressure in the mastic plotted against depth of AC layer at dif-614 
ferent time intervals for points located at 1/3 the mastic thickness. (c) Oxygen partial pressure distribution in the mastic plot-615 
ted against width of mastic coating film at different field ageing times at 1/3 AC depth. Winter and summer seasons are high-616 
lighted in blue and yellow colours, respectively. 617 
Since the coefficient of oxygen diffusion inside the mastic is low, the oxygen pressure distribution will be non-618 
uniform along the mastic film thickness at any time int rval (when   0). As shown in Figure 11 (c), the oxygen 619 
pressure is higher at the air-mastic interface but decreases horizontally along the mastic thickness toward the mas-620 












tic-aggregate interface. The non-uniform distribution of the oxygen pressure along the film thickness suggests that 621 
the carbonyl area growth will follow a similar pattern even if the temperature is constant across the mastic film 622 
thickness.  623 
Moreover, the coefficient of oxygen diffusion *
  is inversely proportional to the carbonyl content (as illustrated in 624 
Equations 8 and 9). Therefore, it will decline with ageing time, as shown in Figure 12. This suggests that oxygen 625 
diffusion will limit the oxidation process gradually with progressive ageing. Figure 12 also shows that the coeffi-626 
cient of oxygen diffusion changes periodically with temperature due to the fact that oxygen diffusivity in the mas-627 
tic is highly associated with the viscosity of the binder, which is affected by temperature and oxidative hardening. 628 
Therefore, neglecting the ageing effect, the oxygen diffusivity would be expected to be higher in summer due to 629 
low apparent viscosity and lower in winter when high apparent viscosity is high. However, when considering the 630 
ageing effect, as shown in Figure 12, the coefficient of oxygen diffusion decreases in ummer due to the increase 631 
in CA and maintains a relatively constant value during winter due to the lack of oxygen consumption.  632 
 633 
Fig. 12 Coefficient of oxygen diffusion in the mastic plotted against ageing time at different AC depths (surface, ¼ AC, ½ AC, 634 
¾ AC, and bottom of  AC layer) for road section US277, located in Laredo, Texas, USA. Points are located at 1/3 the mastic 635 
thickness. Winter and summer seasons are highlighted in blue and yellow colours, respectively. 636 
6.4 Carbonyl Area at the Air Channels-Mastic Interface 637 
The bitumen at the air-mastic interface is in direct contact with the oxygen in the air channels; therefore, it experi-638 
ences more ageing than the bitumen at the same pavement depth inside the mastic film. Carbonyl production at 639 
this location depends on the oxygen pressure in the air channels. Therefore domain 1 (illustrated in Figure 1) was 640 
employed to measure CA at the air channels-mastic interface. Results for the CA growth with time at different 641 
depths are shown in Figure 13(a). The growth pattern of the CA was affected by both temperature and oxygen 642 
pressure changes, displaying a faster growth rate in summer and a slower (or zero) growth rate in winter. This be-643 
haviour is attributed to the accelerated oxidation due to high temperatures in summer, leading to faster generation 644 
of carbonyl. Moreover, carbonyl growth declines with f eld ageing time, as a result of decreased oxygen diffusivi-645 
ty due to the increase in CA and oxidation hardening in the mastic. Figure 13 (b) shows that the CA pattern with 646 
depth forms an unsymmetrical C-shaped curve with hig er CA values at the surface and the bottom of the AC lay-647 
er and lower CA values in the middle of the AC layer. This pattern follows that of the oxygen pressure distribution 648 
in the air channels but with slightly higher CA values at the top surface than at the bottom due to higher surface 649 
temperatures that result in higher oxidative reactions. Figure 13 shows that, compared to deeper asphalt layers, 650 









              (a)                                                                   (b) 653 
Fig. 13 Carbonyl area at the air channels-mastic interface for road section US277, located in Laredo, Texas, USA. (a) Carbon-654 
yl area plotted against ageing time at different AC depths (surface, ¼ AC, ½ AC, ¾ AC, and bottom of AC layer). Winter and 655 
summer seasons are highlighted in blue and yellow colours, respectively. (b) Carbonyl area plotted against depth of AC at dif-656 
ferent ageing times.  657 
6.5 Carbonyl Area in the Asphalt Mastic 658 
Predicted carbonyl growth in the asphalt mastic coating film is compared with field measurements for rad sec-659 
tions US277 and US83 in Section 7, while predicted results for road section US277 are detailed here. Figure 14 660 
(a and b) shows that the carbonyl growth in the mastic follows the same pattern as that at the air-mastic interfac ; 661 
namely, the carbonyl grows quickly in summer due to high temperatures but increases at a very slow or zero rate 662 
in winter. The carbonyl area at the surface and bottom is higher than that in the middle due to high oxygen availa-663 
bility at the surface and bottom, leading to the C-shaped curve of the carbonyl profile along the pavement depth, 664 
as shown in Figure 14 (b). The CA values in the asph lt mastic are much less than those at the air-mastic interfac-665 
es, at the same pavement depth, although they have t e same temperature profile. This observation show that the 666 
availability of oxygen constrains carbonyl growth.  667 
Figure 14 (c) shows the carbonyl area across the mastic coating film thickness at a certain depth of the AC lay-668 
er (1/3 AC depth). CA is not produced equally across the width of the mastic coating film but decreases quickly 669 
along the film thickness moving away from the air-mastic interface. This observation is particularly important 670 
when calculating the average carbonyl area at a cert in pavement depth. As shown in the simplified air/mastic 671 
structure in Figure 2, the perimeter of asphalt mastic surrounding the air channels is much less than that in contact 672 
with the aggregate. This materials distribution should be considered when calculating the average carbonyl area at 673 
a certain pavement depth.  674 
 675 
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(c)  679 
Fig. 14 Carbonyl area in the mastic () for road section US277, located in Laredo, Texas, USA. (a)  plotted against age-680 
ing time at different AC depths (surface, ¼ AC, ½ AC, ¾ AC, and bottom of AC layer), at points located at 1/3 the mastic 681 
thickness. Winter and summer seasons are highlighted in blue and yellow colours, respectively. (b) Carbonyl area in the mas-682 
tic plotted against depth of AC layer at different time intervals. Points are located at 1/3 the mastic thickness. (c) Carbonyl ar-683 
ea in the mastic plotted against thickness of mastic coating film at different field ageing times at 1/3 AC depth.  684 
7   Field Validation of the Ageing Prediction Model 685 
To verify the ageing predictions model, predicted carbonyl area values were compared with measurements of the 686 
binder extracted from field cores. The FHWA reports show that the cores were obtained from field sections at var-687 
ious ageing intervals. Cores were assembled and analysed for air voids percentage and accessible air voids by us-688 
ing air voids determination procedures and X-ray CT scans; then binders were extracted and recovered from sliced 689 
asphalt concrete samples at different pavement depths. The recovered binders were then analysed for oxidation 690 
products, specifically the carbonyl area using FTIR. This process is illustrated in Figure 15 [17, 31, 33].  691 
 692 
Fig. 15 Illustration of field sample extraction and binder recovery processes 693 
The measured CA at a specific pavement depth is an overall representation of the carbonyl contents of the sliced 694 
asphalt samples at the specific pavement depth. It is necessary to calculate the average CA from the model predic-695 
tions at the specific pavement depth to compare it with the measured CA for model validation. There ar e two 696 
factors to consider when determining the average predicted CA at any depth of the AC layer: (1) The oxygen dif-697 
fusion depth is employed based on the model illustrated in Figure 2 such that oxygen diffuses horizontally in a 698 
hollow cylinder from the air channel along the mastic coating thickness toward the mastic-aggregate interface; (2) 699 
The carbonyl area is decreasing and non-uniformly distributed across the mastic film thickness (as shown in Fig-700 
ure 14 (c)). Therefore, the volumetric integration in Equation 37 was adopted to calculate the average predicted 701 
carbonyl area at a certain depth.  702 
: =
 B /0(`) ` 7`rqr
 (O ̀qrO )
                                                                          703 
(37) 704 
where : is the average predicted carbonyl area at a certain depth of the AC layer (y), () is the predicted 705 
carbonyl area at a radius of (r),  is the radius calculated from the centre of the air channels, the minimum radius 706 
would be the radius of the air channels (j`), and the maximum radius would be the radius of the air channels 707 
plus the oxygen diffusion depth (a@) in the mastic coating film, i.e.,  = j` + a@.  708 
The average predicted carbonyl area was obtained for each sliced AC sample at different pavement depths us-709 









dicted carbonyl content and the carbonyl content measured in the field for cores recovered at the wheel path. The 711 
field data seem to have unsystematic patterns across the pavement depth; for example, the field measurements of 712 
CA for road section US277 form an S-shape across the pavement depth. Nonetheless, in general, there is a mean-713 
ingful agreement between the field measurements and the predicted values obtained by the comprehensive oxida-714 
tive ageing models, and the predicted carbonyl profile shows a consistent increase with ageing year and a C-715 
shaped curve along the pavement depth.  716 
 717 
(a)                                                           (b) 718 
Fig. 16 Comparison between the carbonyl area of recovered field cores and the predicted carbonyl area in the mastic 719 
() obtained from the proposed oxidative ageing models (a) for road section US277 in Laredo, Texas, USA; (b) for 720 
road section US83 in Childress, Texas, USA. 721 
8   Conclusions 722 
This study proposes an equation-based multiphysics model to predict oxidative field ageing in asphalt pavements. 723 
The model predicts the pavement temperature profile, the oxygen pressure distribution in the accessible air chan-724 
nels, the oxygen pressure distribution in the asphalt m stic coating film, and the carbonyl area growth ithin the 725 
mastic coating film across pavement depth for three or more service years. The model requires location-specific 726 
hourly climate inputs, oxidation kinetics inputs obtained from ageing, rheological and chemical laboratory tests, 727 
and mixture volumetric properties derived from mix design specifications.  728 
The proposed comprehensive ageing model was validated using field measurements of the oxidation products 729 
(the carbonyl area) for two road sections located in Texas, USA. By comparing the predictions with the carbonyl 730 
area from field samples collected by the FHWA, the conclusions are summarised as follows: 731 
1. The model can effectively address the circular dependency among ageing-related multiphysics (i.e., heat 732 
transfer, oxygen diffusion, and oxidation kinetics). PDE-based FEM can reliably predict annual hourly 733 
profiles of temperature, oxygen pressure, and oxidation products growth across the pavement depth, in dif-734 
ferent climate zones.  735 
2. The model overcomes some of the encountered uncertainties in oxidative ageing prediction. For instance, 736 
it relays more on site-specific climatic data, such as albedo, emissivity, and subsurface soil temperatures; 737 
and it doesn’t require field calibration factor '(' to calibrate oxygen diffusion process in pavement. More-738 
over, the heat transfer model was calibrated to predict temperature profile in regions susceptible to freez-739 
ing.  740 
3. Oxygen pressure within the asphalt structure frequently changes due to seasonal and daily temperature 741 
variation, and it is affected by the oxidation process. Oxygen pressure becomes low with high daily 742 
flocculation during summer because asphalt mastic ages and consumes more oxygen when subjected to 743 









because there is a low oxidation rate in this season due to low temperatures. This unique behaviour cannot 745 
be observed without using circular-dependent multiphysics model.  746 
4. Design and materials selection of pavement directly impacts the severity and extend of oxidative agein. 747 
For example, carbonyl area distribution takes C-shaped curve along AC depth (high oxidation rate at top 748 
and bottom boundaries), in case there is free air-accessibility though the underlying layer. If the underlying 749 
layer is inaccessible to air, such as cement/asphalt tre ted base, carbonyl area will be high at AC surface 750 
and low at bottom. Not to forget that this pattern is also affected by temperature profile, which causes 751 
irregular or different carbonyl area distribution pattern along pavement depth. Another example on the 752 
impact of pavement structure on oxidative ageing is the effect of interconnected air channels. Presence of 753 
accessible air channels is proportional with oxidation rate (i.e., the higher the radius and number of air 754 
channels, the higher the exposed surface area of mastic to air, and the higher the ageing rate). 755 
5. There has been a long debate regarding the uniformity and distribution of oxidative ageing products along 756 
pavement depth. Modelling results in this study support that oxidative ageing is non-uniform and 757 
decreasing in general across pavement depth because it i  highly sensitive to oxygen pressure and 758 
temperature profiles. 759 
 760 
Future studies will cover the effect of climate region, oxidation kinetics, pavement structure, and binder 761 
modifiers on the severity of oxidative ageing in asphalt binders. The proposed model will be coupled with 762 
mechanical performance models to predict the mechani al response of asphalt pavements under the influence of 763 
long-term oxidative ageing.  764 
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• PDE-based FE model is developed to predict oxidative ageing of asphalt pavements.  
• The model effectively addresses the circular dependency among ageing multiphysics. 
• Temperature profile prediction model is modified to be location-dependent. 
• Oxidative ageing is non-uniform (decreasing) along asphalt pavement depth. 
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